Feeding a growing and increasingly affluent world will require expanded agricultural production, which may require converting grasslands and forests into cropland. Such conversions can reduce carbon storage, habitat provision, and other ecosystem services, presenting difficult societal trade-offs. In this paper, we use spatially explicit data on agricultural productivity and carbon storage in a global analysis to find where agricultural extensification should occur to meet growing demand while minimizing carbon emissions from land use change. Selective extensification saves ∼6 billion metric tons of carbon compared with a businessas-usual approach, with a value of approximately $1 trillion (2012 US dollars) using recent estimates of the social cost of carbon. This type of spatially explicit geospatial analysis can be expanded to include other ecosystem services and other industries to analyze how to minimize conflicts between economic development and environmental sustainability.
cropland expansion | food security O ne of the primary challenges of the 21st century will be to meet growing demand for agricultural output while preserving essential ecosystem processes on which both long-term agricultural production and human well-being depend. Growing demand for food, feed, fuel, and fiber has led to conversion of natural grasslands and forests and reduced the flows of many important nonmarketed ecosystem services, such as carbon storage, water filtration, and habitat provision (1) . Tropical forests are especially important for carbon storage and habitat for biodiversity, but 55% of new agricultural land in the tropics came from conversion of forests (2) . Agriculture also uses 92% of the annual global water footprint (3) . Despite this, nearly one billion people are food insecure, meaning they regularly fail to consume enough calories to lead an active healthy life (4). Due to rising population and incomes, the United Nations Food and Agriculture Organization (FAO) projects global food demand to grow by ∼70% from 2000 to 2050 (5), whereas others have projected growth of 100-110% (6) .
Agricultural production can be increased through intensification (higher yields with more fertilizer, pesticide and water inputs, multiple cropping, shorter fallow periods and improved seed varieties) and extensification (expanding to more hectares). Although intensification is expected to play a major role in meeting expanded demand, extensification is also likely to occur. FAO forecasts intensification will account for 80% of the future increase in global agricultural production with extensification accounting for 20% (70-30% split in developing countries) (5) . It is possible in biophysical terms that all of the increase in demand could be met by intensification, especially through closing "yield gaps" between high productivity regions (e.g., North America) and low ones (e.g., Sub-Saharan Africa) (7) (8) (9) . However, numerous social, political, and economic factors constrain intensification. Low-yield regions often suffer from political instability, lack of infrastructure, and the inability of poor farmers to invest in fertilizers, equipment, and other inputs. Moreover, the rate of increase in crop yields has been declining. Although the average annual increase in global yields between 1961-2007 was 2.92% for wheat, 1.91% for rice, and 2.47% for maize, the FAO predicts yield increases of only 0.86% for wheat, 0.63% for rice, and 0.83% for maize between 2005/2007 and 2050 (5) . Climate change may also reduce future yields (10, 11).
Even when it is possible to intensify, it may be more profitable for farmers to extensify instead.
We use a geospatial global analysis to identify where extensification should occur to minimize the negative impacts of extensification on the provision of ecosystem services. We illustrate the approach with an analysis of trade-offs between extensification and carbon storage because we have readily available global data on carbon. We find that selective extensification, taking into account both food production and carbon storage, preserves dramatically more carbon storage than a business-asusual (BAU) extensification scenario that expands production proportionally in all areas. The general geospatial approach can be extended to include other activities beyond farming (e.g., urban development or forestry) and other ecosystem services beyond carbon storage with the main constraint being the availability of suitable global data.
Prior spatially explicit studies analyze trade-offs between agricultural production and multiple ecosystem services at local or regional scales (e.g., refs. 12-17), or national scales (18) (19) (20) . Other studies analyze spatially explicit trade-offs globally (21) (22) (23) . We extend the analysis of West et al. (23) using a selection approach capable of estimating the maximum possible amount of carbon stored consistent with meeting increased crop demand. We translate production of 175 different crops into production of consumable calories rather than using dry harvest weight to better reflect the real goal of increased food production. We also value the carbon storage using estimates of the social cost of carbon. Our work provides a spatially explicit counterpart to global agricultural analyses using national level data (24) (25) (26) (27) .
We use global high-resolution spatial data for 5 × 5-min grid cells (∼10 × 10 km near the equator) on crop cultivation (28, 29) and carbon storage (30) to locate selective extensification. We derive a biophysical indicator of crop advantage ðCAÞ by calculating the ratio of total calories produced to the loss of carbon stored for each grid cell with extensification: CA = CY =ΔC, where CY represents caloric yield per grid cell aggregated over 175 crops using the current mix of crops grown (28) , and ΔC is the tons of carbon storage lost (including aboveground, belowground, and soil carbon) per grid cell when a cell is converted from grassland or forest into cropland. To calculate carbon
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The authors declare no conflict of interest. We use the CA score for grid cells to minimize the loss of carbon storage while meeting increased food demand. The geospatial global selection routine ranks all grid cells by CA and extensifies crop production in the cell with the highest CA score, subject to constraints on feasibility of extensification in the cell. We continue to extensify in the highest ranked remaining cell until future food needs are met (see Methods and SI Appendix for details).
We limit the amount of extensification that can occur within a grid cell to reflect realistic constraints. We do not allow expansion to occur in grid cells in which less than 5% or over 95% of the area is cultivated. Grid cells above 95% are assumed to be fully used. Grid cells below 5% typically include areas not suited to crop production such as deserts without irrigation, high-altitude areas, latitudes too far north or south to grow crops, and protected natural areas. Areas such as the Amazon or Congo Basin have grid cells with less than 5% in current cultivation due to lack of infrastructure, access to markets, or other factors, but that could be productive. However, these areas are extremely rich in carbon and therefore have low CA. We ran sensitivity analyses that allowed expansion into these grid cells, but they were not chosen for crop production in the selection routine.
In grid cells with current cultivation between 5% and 95% cultivation, we constrain extensification to reflect heterogeneity within the grid cell. Even in grid cells with high crop yields, there will be portions of the grid cell that have steep slopes, poor soil, protected or developed lands that are unsuitable for crop expansion. We provide an example of how this type of spatial heterogeneity could limit extensification on an example grid cell in SI Appendix. We lack detailed global data to make cell-by-cell extensification constraints. Instead, we adopted the following generic rules to constrain extensification. For grid cells with current cultivation between 15% and 95% cultivated, extensification can close up to 75% of the gap between current cultivation and 95% cultivation. For grid cells with current cultivation between 5% and 15%, we allow extensification up to a multiple of four times current cultivation. We do a sensitivity analyses with different extensification constraints to show that our results are robust to different constraints (SI Appendix).
We keep the mix of crops in each grid cell constant. We choose not to change crop mix for two reasons. First, the caloric content of crops does not reflect the reason some crops are grown or their full value (e.g., crops grown for fiber or other nonfood uses, that have cultural significance in a region, or that contain important micronutrients). Selecting for caloric content risks losing production of other valuable characteristics. Second, our analysis is focused on the general trade-off between agricultural production and carbon storage. Although optimizing on crop mix would reduce the amount of extensification needed to meet increased demand, inclusion of crop mix changes do not change the general nature of the trade-off between agricultural production and carbon.
The results of this selection procedure are compared with a BAU simulation. We define BAU as increasing the share cultivated in each grid cell by the percent necessary to meet increased demand. So, for example, with a 50% increase in area a grid cell with 10% crop coverage would expand to 15%, whereas a cell with 20% coverage would expand to 30%. BAU increases are subject to the same feasibility constraints and limits as described above. The difference between the BAU simulation and the selective solution is that BAU assumes a uniform proportional expansion while the selective solution expands according to CA. We also conducted analysis with different BAU scenarios to test robustness (results are included in SI Appendix).
We focus our analysis on a future scenario in which we must produce 100% more calories than in 2000 [in line with estimates from Tilman et al. (6)] with 25% coming from extensification and 75% coming from intensification gains. We also vary both changes in overall demand for crops and the proportion of increased production coming from extensification versus intensification to (7), and others, this paper shows what is feasible in biophysical terms. We show how careful consideration of both carbon storage and crop yield can maximize carbon storage while meeting agricultural production goals, subject to assumptions about sub-grid cell heterogeneity that may limit extensification options. Moving closer to desirable outcomes requires attention to institutional, political, social, and economic factors, because billions of people must change what they are doing. These changes will require recognition by political leaders and the general public of the value of carbon storage (and other ecosystem services). Otherwise, there will be little push for carbon policies such as establishing a price for carbon storage, and therefore little incentive for landowners to incorporate carbon or value of other ecosystem services into their decision making. Without this, we are likely to see a trajectory much closer to BAU than the selective extensification path.
As an example of national policy redirection, Brazil has incorporated the value of preventing deforestation in the Amazon and elsewhere into its national Forest Code. The rate of deforestation in Brazil has been reduced by 83% since 2004 (35) . This reduction was achieved primarily by the creation of new protected zones and stricter enforcement of land use regulations. Our analysis can help build on such successes by more precisely identifying areas that are good candidates for protected status and areas where agricultural production should be encouraged.
Methods
The crop advantage measure for each grid cell is defined as the marginal benefit of extensifying land in different locations and is defined for each 5 × 5-min grid cell with geospatial coordinates ðx, yÞ as follows:
where CY xy is the per-hectare calorie yield in each grid cell and ΔC xy is the per-hectare carbon storage loss that would occur if the grid cell was converted from forest or grassland to cultivation. CY xy was calculated by combining data from the EarthStat dataset (28, 29) with FAOSTAT (4) values on caloric content of each food group. We calculated the per-hectare calorie yield of each xyth grid cell, CY xy , as follows:
where Y ixy is the dry weight in tons per hectare of the ith crop, A ixy is the fraction of crop area planted to crop i, and C i is the caloric content of the ith crop per ton. C i is calculated as follows:
where S i is the variable from FAOSTAT's Food Balance Sheet dataset named "Food supply (kcal/capita/day)" and Q i is FAOSTAT's "Food supply quantity (29) .
To calculate the carbon stored in each of the 175 crops, we assumed crop carbon storage of annual herbaceous crops is equal to their annual net primary productivity (23) , calculated as follows:
where CC xyi is the crop carbon of the ith crop on the xyth grid cell, Y ixy is the dry weight in tons per hectare of the ith crop on that cell, DF i is the proportion of dry matter of the yield for crop i, C is the carbon content of dry matter (0.45 g C per g dry matter), and R i represents the proportion of the crop that leaves the farm (rather than remaining on the field or belowground). Carbon stocks in woody crops were calculated in Gibbs et al. (38) . Summation over each of the 175 crops gives C xy , the total carbon that that would be stored in the grid cell's crop cover if the grid cell was fully converted to cultivation (assuming the same proportional crop mix as in 2000). Finally, we converted ΔC xy to be the change in carbon per hectare extensified.
Assuming that annual net primary production is equal to a crop's biomass likely overstates the amount of stored carbon in crops because the biomass is only storing carbon for part of the year. In the context of identifying which areas are better left natural, this assumption makes our conclusions and estimation of saved carbon conservative. Accounting for crop carbon, however, has a very small impact on the overall results because the amount of carbon able to be stored in crops is much less than the amount of natural carbon storage in most locations.
